Stroke is characterized by an asymmetrical gait pattern that causes poor stability and reduces overall activity levels. The aim of this study was to investigate the effect of whole-body vibration combined with treadmill training (WBV-TT) on walking performance in patients with chronic stroke.
Background
Patients with stroke have significant changes in their gait pattern, such as decreased walking speed, asymmetrical walking, and reduced endurance due to damage to their motor functions, including decreases in voluntary muscle strength of the affected side, muscle atrophy, and spasticity [1, 2] . Walking ability is an important part of evaluating functional status, and independent walking is one of the major objectives of stroke rehabilitation [3] . In patients with chronic stroke, most of the time in physical treatment is spent on gait training. After a first attack, even if patients are able to walk, it does not mean they can engage in functional walking, which requires endurance [4, 5] . The aerobic capacity in terms of cardiopulmonary endurance is closely related to physical activity, including walking performance [5] . Cardiopulmonary endurance, after stroke, was found to be reduced by 50-70% compared to sedentary individuals [6] . These reductions accelerate muscle weakness and impair the walking performance of patients with stroke [5] . However, aerobic or cardiopulmonary endurance are often overlooked. Patients and caregivers are interested in preventing complications through functional improvement of the cardiovascular system, but the early clinical approach is difficult.
Several studies have shown that treadmill training improves the walking ability of stroke patients [7, 8] . According to motor learning theory, the best learning occurs when practicing a task matched with performance requiring retention or transfer condition. The integration of motor and sensory stimulation during training accelerates motor learning by nerve specificity [9] . Treadmill training is called task-specific training; it is a training method matched with performance because the subject actually walks. Therefore, treadmill training with high retention can be effectively used for motor learning. A previous study reported that 12-week high-intensity aerobic treadmill exercise significantly improved walking speed (0.13 m/s) and the 6-minute walk test (6MWT, 53m) results in patients with chronic stroke [10] . However, further research is needed on programs that can more effectively improve the gait function of patients with stroke.
Recently, the treadmill speed has been considered as an important factor to improve the walking ability of stroke patients. The traditional treadmill training speed that has been accepted universally in patients with stroke is slow. Fast walking on the treadmill has been reported to improve gait parameters significantly compared to walking slowly [8] . Despite the widespread use of treadmill training, it has limitations in using compensation strategies rather than recovery of normal kinetic symmetry [11] . Therefore, stimulation that induces sensory messages from cutaneous or muscle proprioceptive receptors is needed to promote the use of the affected side instead of excessive use of the less affected side.
Whole-body vibration (WBV) might be a useful intervention to stimulate various receptors in stroke patients. WBV oscillates in the vertical plane at a particular frequency and amplitude. These platform motions cause the movement of joints and stretching of the muscles. Tonic vibration reflexes induced by WBV affect the proprioceptive systems [12] . Rittweger et al. (2003) stated that a low vibration frequency (<20 Hz) induces muscular relaxation, while a medium vibration frequency (>50 Hz) causes muscle soreness or hematomas in untrained subjects [13] . Another study reported that the vastus lateralis was more activated at 30 Hz than at 40 or 50 Hz [14] , and a systematic review study showed that positive muscle training effects occur at frequencies of 20 to 45 Hz [15] . These findings suggest the possibility that WBV with 20 to 30 Hz might be a beneficial training therapy for patients with stroke. However, the effects of WBV exercise in subjects with neurologic deficits are still unclear. Only a few studies have evaluated the effect of WBV training on patients with chronic stroke [16] [17] [18] .
Based on the above evidence, we proposed whole-body vibration combined with treadmill training (WBV-TT) as a therapeutic strategy for hemiparetic gait. Therefore, this study investigated whether WBV-TT can improve the walking function of patients with stroke sufficiently to allow them to lead independent lives. We hypothesized that WBV-TT would improve walking performance in patients with chronic stroke.
Material and Methods

Participants and procedure
This study was designed as an assessor-blind randomized controlled trial. Forty participants were enrolled by the therapists through convenience sampling from an advertisement. Individuals who presented with a gait deviation after a first stroke (>6 months), could walk for more than 30 seconds at >0.8 km/h, with Mini-Mental status examination (MMSE) >21 points, and could understand the nature of the intervention and perform the protocol independently participated in the study.
The exclusion criteria were subjects who had participated in a similar experiment for the last 6 months, had fractures, infectious diseases, cardiac pacemakers, vestibular disorders, cerebellar diseases, visual and auditory problems, walking disability due to orthopedic problems, chronic pain, or contracture in the lower extremity joints. In total, 30 subjects who met the eligibility criteria were included and they were randomly allocated to the WBV-TT or TT group. The other 10 subjects were excluded due to: not meeting the inclusion criteria (n=5), femur fracture (n=1), neurological disorders (n=2), or an orthopedic problem (n=2). Randomization was performed using sealed envelopes containing a paper marked with "O" or "X".
The participants were evaluated at baseline and after the intervention period of 6 weeks, and 3 skilled testers were instructed on how to prevent accidents during walking assessment. Testers were blinded to which intervention each patient had received.
All subjects were instructed about the contents of this study with verbal and written information and were permitted to refuse participation at any time during the experiment. In order to minimize any possible risk, the intervention was conducted under the supervision of a physical therapist. This study was carried out with the approval of the Research Ethics Committee of Sahmyook University.
In the WBV-TT group, participants performed the WBV exercises for 6 weeks, 3 times a week for 4.5 minutes per session, and then treadmill training was carried out for 20 minutes. In the TT group, participants performed the same exercises on the platform without vibration, and then treadmill training was conducted. The exercise time to perform each exercise was the same in the 2 groups. Two subjects in the WBV-TT group dropped out because one subject refused the training and the other subject was discharged from the hospital. Two subjects in the TT group did not attend the post-test session ( Figure 1 ).
Intervention
A side-alternating vibrator (Galileo 2000, Novotec, Germany, 2011) was used and safety guidelines were explained to the participants before the experiment. WBV-TT was performed based on a previous study that had performed the WBV stimulation with a maximum frequency of 30 Hz and amplitude of 3 mm for 45 seconds and 4 sessions for post-acute stroke [16] . Before conducting the main exercise, the subjects performed stretching exercises for 15 minutes. While standing on the vibration platform, subjects placed their feet parallel to the axis. The participants performed the exercises while lightly holding a support bar always located in front of them. The WBV-TT was performed 3 times a week (4.5 minutes per session) for 6 weeks. Each session included 6 exercises and each exercise was conducted for 45 seconds. A break time of 1 minute was given between the exercises [16] . The frequency was increased gradually by 5 Hz every 2 weeks, from 20 Hz to 30 Hz, because many researchers have demonstrated its therapeutic effect [15, 18] . The exercise program was composed of left and right weight shifts (weight shift to the affected side as much as possible), squats (knee joint 45° flexion), anteroposterior weight shift exercises (lifting and lowering the heel), forward lunges (flexion of the affected leg forward), one-leg standing (lifting the affected and less affected leg alternately), and deep squats (knee joint 90° flexion) ( Table 1) . subjects were enrolled and 30 subjects who matched the eligibility criteria were included. They were randomly allocated to 2 groups: the WBV-TT group (n=15) and the TT (n=15) group. Two subjects dropped out in each group and were analyzed based on intention-to-treat principles.
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A treadmill (Track Star, Incheon, Korea, 2011) was used for gait training. All participants started at a 0% slope and a minimum speed of 0.8 km/h, and were fitted with a no-bodyweight support harness for safety and allowed to hold a support bar if necessary. Based on the studies of Lau and Mak (2011), the participants defined their maximum walking speed on the first day of every week and it was increased gradually by 5% during the walk [19] . They walked for 20 minutes and were constantly observed by a physical therapist while walking on the treadmill.
Outcome measures
All participants were assessed at baseline and after the intervention. The walking function of the subjects was measured with GAITRite and the 6MWT. GAITRite (GaitRite, CIR systems Inc., USA, 2008) evaluates temporal parameters such as velocity, cadence, time of swing phase and stance phase, and spatial parameters such as stride length, step length, singlelimb support% cycle, and double-limb support% cycle, when the subjects were walking on the electronic carpet. For measurement, the subjects were instructed to stand 3 m away from the electronic carpet and walk at a comfortable walking speed across the carpet, stopping after walking 3 m past the electronic carpet. Measurements were repeated 3 times with a 3-minute break between measurements to minimize bias due to muscle fatigue. The average value of the 3 measurements was calculated and recorded.
Before starting the 6MWT, we monitored the cardiovascular conditions of the subjects by measuring the manual heart rate and blood pressure. There was no warm-up exercise before the test and the total distance was measured after the subjects walked along a 20-meter track with marked sticks at intervals of 1 meter, safely yet as fast as possible for 6 minutes.
They were allowed to adjust their walking pace and take break times by themselves according to each individual's ability.
Statistical analysis
The sample size was estimated with G power 3.1 software. The effect size (Cohen's d) was set to 1.20, alpha level to 0.05, and power to 80% through an a priori power analysis. It was calculated to allocate at least 13 subjects to each group. The general characteristics of the participants are presented as mean ± standard deviation for continuous variables or frequencies for categorical variables using SPSS version 19.0 (IBM, Chicago, IL). The normality test, using the Kolmogorov-Smirnov test, was carried out on the collected data. A chi-square test and independent-samples t test were conducted to analyze the baseline of homogeneity. An intention-to-treat analysis was performed to investigate the effects of the intervention. A two-way repeated-measures ANOVA based on group (WBV-TT, TT) and over time (baseline, pre-test) as within-subject factors was applied for the outcomes of WBV-TT on walking performance. A post hoc test was performed using Scheffe's method. The partial eta squared was provided as the effect size in ANOVA. The significance level was set to a two-tailed 0.05 for all analyses.
Results
The general characteristics of the WBV-TT and TT groups are presented in Table 2 . No significant differences between the groups were found in sex, age, height, weight, type of stroke, paralyzed side, duration, or MMSE points.
After 6 weeks of training, the WBV-TT group showed significant improvement in walking performance compared to the TT group. Walking speed and cadence and the temporal parameter 
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in walking performance were significantly improved in the WBV-TT group, whereas only walking speed was significantly improved in the TT group when compared to pre-values in each group (p<0.05). The degree of improvement of walking speed in the WBV-TT group was significantly larger than that of the TT group (p<0.05). In the spatial parameters, step length, stride length, single-limb support, and double-limb support were significantly improved in the WBV-TT group compared to their prevalues (p<0.05). The TT group showed significant improvement only in step length of the less affected side and stride length (p<0.05) ( Table 3 ). In the WBV-TT group, step length (affected side and less affected side), stride length, and double-limb support all showed a significantly larger improvement than in the TT group (p<0.05).
In the 6MWT, both groups were significantly improved as compared with pre-intervention (p<0. Table 3 . Temporospatial variables between the WBV-TT and TT groups.
Values are presented as mean ±SD. WBV-TT -whole body vibration combined with treadmill training; TT -treadmill training. * p<0.05; ** p<0.001 present significant difference between baseline and post-test.
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there was no significant difference in 6 MWT between the 2 groups ( Figure 2) .
Discussion
The present study demonstrated that both WBV-TT and TT improve the walking performance of patients with chronic stroke. In particular, WBV-TT effectively enhanced the improvement of walking speed, step length, stride length, and double-limb support during walking in patients with stroke. It should be noted that an effective exercise program was used in this study for walking performance, which applied WBV stimulation to 6 exercises, while van Nes et al. (2006) focused solely on balance stimulated using WBV. Although this study included only 18 sessions, WBV-TT might be a high-intensity exercise that can improve the walking performance of patients with chronic stroke.
WBV provides a mechanical vibration stimulus. The participants stand on a vibration platform that provides repeated concentric and eccentric contraction of skeletal muscles due to the vibratory stimulation [20] . The WBV stimulates the somatosensory system of the primary and secondary afferent fibers [12] , and causes excitation of the spinal reflex [21] . Most studies applying WBV stimulation to patients with stroke have reported a significant improvement of motor function and activities of daily living using a fixed frequency and amplitude [16, 22] . However, a long duration of stimulus causes cumulative fatigue and reduces the fire rate of the motor unit [13] . This is a phenomenon caused by excessive adaptation of the nerve roots. Therefore, some studies reported that walking function improves when applying gradual changes of vibration intensity to stroke subjects in order to prevent adaptation [23] . Therefore, this study also applied short durations of vibration and increased the frequency gradually from 20 to 30 Hz over a period of 2 weeks. The participants also experienced weightbearing on the affected side through one-leg standing conditions, which may apply proprioceptive stimulation intensively to the affected side. The WBV in this study used side-alternating vibration that could evoke rotational movements around the hip and lumbo-sacral joints [15] . These rotational movements are controlled with the help of ankle evertors, which are important for lateral ankle stability [24] . Improved lateral ankle stability might increase single-limb support to the affected side. Stroke might deteriorate the ability of the spinal cord to utilize load-related sensory signals appropriately, which results in abnormal extensor activity during each stance [25] . WBV may promote knee extensor through proper sensory facilitation of the proprioceptive receptors [26, 27] . Single-limb support and double-limb support are important temporal parameters for the gait stability of patients with stroke. The less affected side is lifted off the ground and the affected side remains on the ground to support the body upright during the single-limb support phase of walking. Increased single-limb support means improving the stability of the affected leg, leading to shorter -limb support and longer swing phase period on the contralateral side [28] . This might produce an increase in step length and stride length.
In walking parameters, improvement of walking speed brings about functional changes, such as improved quality of life and social adaptation, after discharge of patients with stroke. However, the effect of WBV on walking performance is controversial [29] . A previous study suggested that it takes a long time to develop neuromuscular coordination, muscular adaptation, and a new walking pattern after WBV exercise [17] . In order to shorten the duration of rehabilitation, we added treadmill training to WBV. After the intervention, the participants with a walking speed of 67.4 cm/s in the WBV-TT group were classified as more than the least-limited community walkers [30] . They could be independent in local stores and all moderate community activities without assistance. Chan et al. (2012) carried out WBV at a frequency of 12 Hz and amplitude of 4 mm for 20 minutes for stroke subjects and reported a significant increase in walking speed as a result. In the WBV-TT group of this study, the stance phase stability of the affected and less affected side was improved because of an increase in single-limb support and a decrease in double-limb support after the program, making walking closer to normal gait kinematics. Because of the improved single-limb stability, cadence was significantly increased and the swing phase of the other leg was increased.
This study began by setting the peak speed at a point at which the patients with stroke could walk during treadmill training, and increased it gradually up to 5%, and eventually 6MWT was improved significantly in both groups. 6MWT is a clinical test for cardiopulmonary fitness and walking endurance. Treadmill training at a peak speed for 20 minutes is an intensive aerobic exercise that can increase peak oxygen uptake [10] . High-load and repetitive training can improve endurance [10] . In addition, repetitive treadmill training activates the central pattern generator and promotes the use of the hip flexor [19] . The participants were allowed to experience overload by increasing the speed gradually. The central pattern generator is activated by sensory input produced during treadmill training, which cause rhythmic muscle activation of the affected side of patients with stroke [31] . Based on this, we found that exercise tolerance and walking endurance increased. The lack of a significant difference in 6MWT between the 2 groups suggests that cardiopulmonary endurance might be affected by the TT rather than the WBV.
This study has several limitations. It is difficult for a subject to use WBV-TT without the assistance of a therapist. For gradually increasing the speed, someone else needs to press the button. That is why we recommend this program should only be applied in a clinical setting. In addition, the subject needs to have basic walking ability, bring able to walk on a treadmill at a speed of at least 0.8 km/h. The results of this study may be difficult to generalize because of its small sample size. Additional practical functional tests for walking and activities of daily living are needed in subsequent related research.
Conclusions
The present study demonstrated that WBV-TT might be a more intensive and effective training program than TT to improve the walking performance of patients with chronic stroke. There is still a lack of scientific evidence to support the efficacy of WBV-TT for stroke survivors. Future studies will need to use a larger sample size and apply sensors or biofeedback to identify precisely whether weight-bearing improves on the affected side.
Conflicts of interest
The authors declare no conflicts of interest.
